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a b s t r a c t . The nucleus is produced by Yb’’^* {u, p) reaction with
14-8-MoV neutrons on enriched (99%) Yb isotope and is studied by means of beta-gamraa 
.scintillation counter techniques The beta «nd gamma measurements show beta groups 
of end-point energies 1200±50 (82%) and 700 J;60 (18%) keV and gamma rays of energios 50 
(Yb K X-ray), 75, 175, 275, 360, 370, 500, 630, 870, 990, 1260 and 1350 koV decaying with a 
5-5 b0-5-min activity of The gamma-gamma coincidence studies confirm previously
mportod gamma-ray cascades along with a new caaearle of 500-1350-275-75 koV. The gamma 
spectrum in coincidence with the beta rays above 300 keV shows the existence of the previously 
unreportod 1350-keV gamma transition in the now cascade and also gives the 870-koV gamma 
transition between the 2380-keV level and the 1510-keV isomeric state of Yb” *. A decay 
scheme of Tm” * is proposed and the results are compared and discussed in the light of the 
unifii'd model and the pairing correlation model. The (ri, p) cross-section for Yb” * is found 
to bo 3-5J.1 mb.
I N T R O D U C T I O N
Wille and Fink (1960) reported for the first time the production of the 
nuclide Tm*”  by neutron irradiations of enriched Yb*”  and assigned a 5-5-min 
half-life to it. Takahashi et oZ (1961) observed a 5-min activity in the products 
formed by the fast neutron bombardment on natural ytterbium oxide. Kantele 
et id (1964) made a study of the Tm**  ^ isotope and reported its half-life as 5-2i:0-.l 
min after following the decay of the 1000-keV gamma ray in a single-channel 
analyser. They also reported a decay scheme of Tm*”  based on the results 
of sum and sum-pcak spectra along with the knowledge of the 850-//.S isomeric 
state (Kantele, 1964) at 1520 keV in Yb*” . According to the decay scheme 
of Kantele et a l  (1964), the Tm*”  nucleus decays by two beta groups of maximum 
energies 1200±100 (;s  80%) and 0-700 keV (=f 20%) to the excited levels of 
Yb*”  at 1886 and 2386 keV. respectively. The 2386-kcV level decays by the 
497-keV gamma transition to the 1886-keV level, which in turn populates the 
850-/IS isomeric state a t 1520 koV. The isomeric state apparently depopulates 
by a multipolo cascade of the 995-275-176-76 keV gamma rays. They have 
also tentatively suggested other weak modes of decay of the isomeric state t  iroug i 
the cascades 1270-176-76 keV and 630-366-275-76 keV. I t  is known (Orth, 
1964) from the decay of the 165-d isomer of Lu*”  that the isomeric state at 1620- 
keV in Yb*”  decays to 4+, 6% and 8+ members of the ground state rotationa 
band with relative intensities » 0 - l,  1*0 and 0-01. Very recently Funke et a 
(1966) in their study of Lu*” *” reported the decay of the 1526-keV isomonc state
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of in two cascades 995-280.176-76-5 and 630-365-280-175-76-5 kcV having
the intensity ratio 41 i 5 . They have not observed the third cascade 1270-176- 
76-5 keV reported by previous authors (Kantele, 1964; Orth, 1964).
The present investigation was undertaken to study the decay of Trn^’  ^ in 
more detail with an intention of studying the weak gamma transitions assigned 
tentatively by Kantele et al, (1964) and also to resolve the discrepancies regard- 
ing the number of cascades and their reltativo intensities observed in the de- 
excitation of the isomeric state of Yb^’ .^
S O U R C E  P R E P A R A T I O N
The Tm^^  ^ isotope was produced by the (w,p) reaction on Yb^’  ^ enriched 
to 99%. The incident neutron energy was 14-8 MeV, and the typical neutron 
flux of the order of 4 x 10 ®^ n/cm^ sec was maintained at this level in all the 
irradiations. The possible contaminant activities in the source were car(-full\ 
looked for on the basis of the data of isotopic and spectrographic analysis of the 
supplied enriched sample as well as with the aid of suitable activity lists (Slater. 
1962; Nuclear Data Sheets, 1964). A long-lived activity noticed as an impurily 
in a very small amount was due to Yb^^  ^ (4.1 d). This was produced by th(‘ 
(n, 2n) reaction on Yb^ ^® which was [)resent as much as 0-4% in the enriched 
isotope. The contribution due to this activity was subtracted out in all the 
measurements. The other short-lived activities, suspected as impurities, 
were due to the reactions Cu®® {??, 2n) Cu®^  (9-5 min); (/?, 2n) Pr^ ^® (3*4 min) 
and Yb^’® (^tP) Tin^’® (1-4 min). The contribution of TiiP"^ ® is expected to be 
very small since the measured (n,p) cross-section for Yb^ ^® is l*5i0*5 mb 
(Gujrathi et al, 1966). The impurities of Cu®® and present in the enriclnd 
sample were insufficient to alter the main conclusions. The estimated tola! 
contribution due to all these impurities was less than 3 % of the total decay ot 
Tm^’ .^
For the beta ray measurements the irradiated enriched ytterbium in the 
form of oxide powder was uniformly spread inside a bag of thin mylar. The 
average thickness of the source was 1 mg/cm^. Since the measured (n, p )  cross- 
section for Yb^’  ^ is small, a large number of irradiations on several hundred 
milligrams of enriched isotopes were needed to complete each measurement.
E X P E R I M E N T A L  R E S U L T S  
(A) Half4ife measurement and the (n, p) cross-section
The half-life of Tm^ "^  ^ was measured as 6-6i0-3 min in close agreement with 
previous reports. The half-life was also studied by following the decay of 50, 
176, 275, 370 and 990-keV gamma rays (see Table 1 ) in a single-channel analyser. 
In  all cases a clear half-life of 5± 1  niin was observed. The cross-section for 
the Yb^^  ^ Tm^’® reaction was calculated by the activation technique, the
experimental detaik of which were as reported (*arlicr (Mukhorjec ef al., 1961). 
The measured value of the cross-section was 3-5i;l mb as compared with the 
value of 556 mb for the Cu*® (n, 2n) Cu*® reaction.
(B) Oamma and beta ray measurements
The experiments were performed to study the gross f(!atures of the gamma 
ray spectra of Tm^ ^® p ro d u c t by bombariiing enriched The gamma
spectra were measured with a 7*6 cm x 7-6 cm NaT(Tl) crystal optically coupled 
to a RCA-8054 photomultiplier and a 512-channcl analyser. Fig. 1 shows a 
typical gamma ray spectrum in which the source was placed at a distance' of 
3 cm from the crystal on a 0-5 cm thick Incite plate to cut off the beta particles, 
i’hoto peaks are observed at energies 50, 75, 175. 275, 370, 490, 630, 870, 990. 
1260 and 1340 keV. Due to the summing of the cascade gamma rays some of 
the jjeaks have been slightly broadened. This effect is clearly seen in lh(‘ 490 and 
990-keV gamma rays. The gamma sjiectra were also studied by systematically 
introducing O-l to 1 cm thick lead absorbers b(twcen the source and the detector 
to reduce the summing of X-rays and the low (mergy gamma rays. The broaden- 
ings at 550 keV and 1040 keV shown in fig. 1 , were found to be due to the Yb K 
X-ray or the low-energy gamma ray summing with the 490 and !)90 keV gamma 
rays. To study the decay characteristics of the photopcaks obs(Tvcd in the single- 
ciystal measurements, another experiment was performed in whicdi three gamma 
s])cctra were taken in succession at 1 min. 5 min and 11 min after the end of the
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1. Gamma spectrum of Tm»M taken with a 7 6 cm X 7 6 cm Nal(Tl) detector. Source- 
to-orystal^diBtanoe^was 3 om*
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bombardment. Fig. 2 shows that all the prominent gamma rays are dettaying 
with a half-life of 5^:1 min.
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Fig. 2. Gamma spectra of Tm^ *^ * taken at 1 min. 6 min. and 11 min. after the end of fcho 
irradiation of enriched shown as curves (a), (b) and (c), respectively.
The gamma ray energies, their relative intensities calculated from single 
crystal as well as from some of the coincidence measurements and the gamma- 
gamma coincidence results are given in table 1 .
TABLE 1
Gamma ray energies, their relative intensities neglecting the con­
versions and the gamma-gamma ooinoidenoe results.
Energy of the photo peak (keV)
Unconvertedgamma-rayrelativeintensity
In  coincidence with (keV)
60 i  6 (Yb K X-ray) 30±10 176. 276, 360, 600, 630, 990. 1260, 13607 6 i  6 10± 31 7 6 i 6 72^16 60, 276. 360, 600, 630, 990, 1260, 13602 7 6 i 6 90±16 60. 176, 360, 600, 630, 990, 1360350i:10 7 ±  2 60, 176, 276, 600, 630370±10 100600±10 16± 4 3706 3 0 i l0 6-f" 2870d:10 6 ±  2990±10 76±16 60, 176, 2761260dbl5 e ±  2 60, 1761350±15 1±  2 60, 176, 276
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The beta measurements wore performed with a 51 cm x 1-3 cm thick 
anthracene crystal mounted on a RCA-6810A photomultiplier and a 512-channel 
analyser. The source to crystal distance was 0-5 cm. Fig. 3 shows the Fermi- 
Kurie analysis of the beta spectrum of Tm” «. Two beta groups with maximum 
energies of 1200±60 (82%) and 700±50 (18%) keV are found associated with 
the decay of Tm’^’ .^ The energies, intensities and the log ft values of the two
0.3 0.4 0.4 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 
Energy in MoV
Fig. 3. Fermi-Kurie plot of the beta spectrum of The detector was a 5-1 cm x 1*3 cm.
thick anthracene crystal. Source-to-detector distance was 0*5 cm.
beta groups are given in table 2. In the measurement a very weak beta group 
of 2500±400 keV (2-3%) was observed to decay with 0^:2 min-activity. This 
group was not assigned to Tm^’  ^as it was found in coincidence with the 510-kcV 
annihilation gamma rays. I t  might be due to the suspected impurities of 
(9*5 min) and Pr^ ^® (3-6 min) present in very small amounts in the sources
TABLE 2
Energies, intensities and log ft valm*s of the beta ray groups.
Beta ray end-point energy (koV)
1200±50
700^-60
Intensity(%)
82
18
log ft. value
4.8
4.6
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(C) Coincidence resuUa
To study the cascade nature of the various gamma rays and beta-gamma 
relationships, coincidence studies were made. In the gamma-gamma coincidence 
studies, a 6*1 cm X 6*1 cm Nal(Tl) crystal spectrometer was used to select the
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gating gamma ray and the gated spectrum was taken with another 7*6 omx7>6 cm 
Nal(Tl) crystal. For the beta-gamma coincidence measurements the 7’6 cm 
x7-6 cm Nal(TI) in tlie above arrangement was replaced by a 5-1 cm x 1*3 cm 
thick anthracene crystal. The resolving time (2t) of the coincidence system 
was 2 /ts.
Fig. 4.
Channelfno. —►
Gamma spectrum in coincidence with the 370-keV gamma ray.
Most of the prominent gamma rays observed in the single-crystal spectrum 
were taken in the gate, and the coincidence gamma spectra were studied. Tlio 
spectrum in coincidence with the Yb K X-ray showed clear photo peaks at 175, 
275. 350, 500, 630, 990, 1260 and 1350 keV. The existence of the fourfold cascade 
of an X-ray and 175, 275 and 990-kcV gamma rays reported by Kantele c( «/.. 
was confirmed. With the 370-keV gamma ray in the gate the 500-keV gamma 
ray was observed in coincidence with the other photopeaks a t 50, 180, 280 and 
630 keV as shown in fig. 4. With the 275-keV gamma ray in the gate, the coin­
cidence spectrum showed the 55, 75, 175, 275, 350, 500, 635, 990 and 1350-k< V 
gamma rays (fig. 5); while with the 175-keV gamma ray all these gamma rays 
with an addition of the 1260-keV gamma ray appeared in coincidence. In 
fig. 6, curve (a) shows the result obtained by gating with the 1200-1400-keV 
portion of the gamma-ray spectrum, which includes both the photopeaks of 
energies 1260 and 1340 keV and curve (b) shows the results on gating with thi; 
1200-1260-keV portion of the gamma spectrum which includes mostly the 1260- 
keV photopeak. I t  can be seen from fig. 6 tha t the intensities of the 275 and 
500-keV photopeaks are decreased in curve (b) relative to the intensities of the 
50 and 175-keV gamma rays. All the gamma-gamma coincidence results arc 
summarised in table 1 .
The beta spectrum in coincidence with the 370-keV gamma ray showed 
two beta groups of end point energies 1200±60 and 700±60 keV with the same 
ntonsities as observed in the single-crystal measurement. When the beta spec*
;rum was gated with the 500-keV gamma ray, a single beta group of 700^50 keV 
was observed in coincidence. With the 990-keV gamma rays no beta particles
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Fig. 6. Gamma spectrum in coincidonco with the 275-koV gamma ray.
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Kig. 0, Gamma 8i)ectra obtained in coincidence when the gating window was sot at the 
1200-1400 and 1200-1260-keV portions of the gamma spcclrum, showm ay curves 
(a) and (b), rospeclively.
Avero obsorvod in prompt coincidonco. The coincid('i)co spool ra wore also studied 
by gating with the 275 and 175-kt‘-V gamma rays which sIioAvcd an indication 
of the 1200-koV beta group. The results wore not conclusive as it was difficult 
to (estimate the contributions due to the spectra obtained by beta particles and 
the Compton scattered electrons from the coincident high-energy gamma rays. 
To cross-check this result and also to find gamma rays in coincidence with the 
beta particles, a gamma spectrum in coincidence with the beta rays was studied.
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The gated beta spectrum was biased up to 300 keV to avoid the contribution 
of high energy gamma rays arising due to gamma-gamma coincidences with the 
low-energy ones. Fig. 7 shows this conincidence result with the evidence for 
the existence of the photo peaks at 50, 175, 275, 370, 500, 870 and 1350 keV,
Channel no. ^
Fig. 7. Gamma spectrum in coincidonco with the beta rays greater than 300 keV.
In the spectrum the intensities of the low-onorgy gamma rays of energies 60, 
175 and 276 keV is slightly higher due to the coincidences between these gamma 
rays and the high energy coincident gamma rays detected in anthracene crystal.
D I S C U S S I O N
The (n,p) cross-section value for Yb^’  ^ is 3*57t l  mb and is comparable with 
the observed (v,p) cross sections in this mass region of rare earth (Wille et ah 
1960; Gardner, 1962; Chatterjee, 1964). This value is higher than the one predic­
ted by Gardner (1962) which is 2 mb. I t  also fits quite satisfactorily with the 
trends of (w, p) reaction cross-sections at 14-MeV neutrons (Chatterjee, 1964).
A proposed decay scheme of Tm^’  ^which contains all the prominent features 
of the observations is shown in fig. 8. This agrees in many respects with the 
one given by Kantelo et al, (1964). I t  should be noted that the 75-keV gamma 
transition is known (Sliv et al, 1956-58) to be highly converted (a^ =  10*24) 
and therefore in most of the experiments it was not observed. Instead a 50-keV 
Yb K X-ray appeared. In the decay scheme the gamma transitions of 350, 
630, 870 and 1260 keV were assigned tentatively by Kantele et al (1964). They 
are confirmed by coincidence measurements in our studies. The now gamma 
ray of 1350 keV is due to the transition from the 1880-keV level to the 626-keV 
level of the ground state rotational band in Yb^^ .^ This is concluded from the 
coincidence results obtained by gating with the 50, 176 and 275-keV gamma
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rays, with the 1200-1260 and 1200-1400-keV portions of the gamma spectrum 
(figs. 6 and 6) and also from the observed gamma si)cctrum in coincidence with 
the beta rays greater than 300 keV (fig. 7). From the studies of the Coulomb 
excitation of the rotational levels in Yb^’ ,^ it is known (De Boer et al, 1903) that 
the gamma cascade of energies 350-275-175-75 keV corresponds to the ground 
state rotational band K  = 0. Assuming the 275, 175 and 75-keV as E2 gamma 
transitions, the theoretically calculated total internal-conversion coefficients, 
(ar) are 0-900, 0-424 and 10-24, respectively (Sliv and Band, 1956-58). By taking 
account of the aj* values for these gamma tran.sitions one obtains the follow­
ing total intensities : 99±15, 103i:16 and 112±31. respectively, which are con­
sistent with the decay scheme.
The ground state spin of the Tm*’* oan be assigned from the orbital systematica 
using Nilsson diagram. The 69th proton orbital 1 /2+[411 j  ] consistently appears 
in the ground state of Tm isotopes with mass numbers 165 to 173. Similarly, 
the 105th neutron orbital 7/2~f514 J. ] consistently appears in the ground state 
of jjTa^’*, and Therefore one can reasonably
assume that the ground state of gjTmJJJ consistsofthe.se two configurations, 
and according to the coupling rules of Gallaghar and Moszkowski (1958) the 
expected ground state spin of it should bo 4~. The observed log ft values for 
the beta transitions from Tm*^ ’  ^are the allow-ed unhindered type and suggest that 
the spins of the 2380 and l880-keV levels of Yb‘”  shuvild be 5" or 4~ or 3“. The
2i60
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Fig. 8. Proposed decay scheme of
assignment of 6‘*' (Katele, 1964) or probably 7” (Funke, et al, 1965) spin value 
to the 850-/48 isomeric state at 1510 keV and the observed gamma transitions 
from the levels a t 2380 and 1880 keV to the 1510-keV state rule out the possi­
bility of 3-. As suggested by Kantcle 6< al, (1964) the pairing model calculations 
of Gallagher and Soloviev (1962) give the levels at 2300, 1800 and 1600 keV with 
the spins as 4~, 6“ and O"*" which can fit with the observed levels at 2380, 1880
676 8. G. Oujrathi and 8. K. Mukherjee
and 1510 kcV, respectively. The 4” and 5~ levels are the proton two-quasi­
particle excitations havin^^ the configurations 7/2[623t]>  l/2+[411J,] and 
l/2+[4114,], 9/2"[514 t  ]» respectively and the 6“^ level is due to the neutron 
tvvo-quasi particle configuration 5/2"[512 t  ] and 7/2'[514 J, ].
We have calculated the hindrance factors for the 1260, 990 and 630-koV 
gamma transitions from the observed intensitic'S for different multipolariti(‘s 
obtained by assuming 6"^  and 7 “ spins for the 850-//S isomeric state. I t  is found 
that 6+ assignment to the 1510-keV isomeric state in is more consisbrnt
with our observations instead of 7" arising due to the neutron two-quasi particle 
configurations 9/2^[624 f  J, 5/2~1512 |  ]. From the (0^ ®; reaction on
the levels at 75, 250, 525 and 875 keV which form a group of th(‘ ground state 
rotational band K  — 0 an' assigned the spins as 2+, 4 ’^, 6+ and 8*, respectively 
(Do Boer r t a l, 1963).
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